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Abstract: Nanomaterials based on metal oxides (MexOy) are employed as catalysts and/or sorbents in processes 
undergoing conditions in supercritical water (scH2O), the “green” reaction medium used to obtain energy 
relevant products. Their properties are greatly affected by the synthesis method used to produce the active 
MexOy. Moreover, in order to maintain their performance, it is more practical and cost-effective to use 
supported MexOy nanoparticles. Within this context, the present work deals with the preparation of carbon-
supported ZnO and CuO composites by an innovative method based on impregnation under scH2O conditions. 
Metal oxides were impregnated on a carbon (C) support using a continuous flow tubular reactor. The results 
show that impregnation in scH2O is a promising approach for the preparation of ZnO/C and CuO/C composite 
materials. This one-step synthesis method, in a continuous flow, uses neither seed layer nor mineralizer, and it 
needs substantially lower preparation times than the conventional impregnation methods. 

Keywords: supercritical water impregnation; continuous flow tubular reactor; supercritical hydrothermal 
synthesis; metal oxides catalysts; metal oxides sorbents; carbon-based materials 

 

1. Introduction 

The supercritical fluid is the state above the critical temperature (Tcr) and critical pressure (pcr) in 
the pressure-temperature phase diagram [1]. In the van der Waals theory of criticality, the critical 
point is the end of the liquid–gas equilibrium curve, the point in which liquid and gas reach the same 
density, the critical density (ρcr) [2]. For water, the corresponding values at the critical point are 
Tcr = 647 K, pcr = 221 bar and ρcr = 322 kg m-3. 

There was a vivid debate on whether there is a liquid–gas phase change associated to the fluid 
properties variations in the region near the critical point, as no macroscopically visible interface 
between liquid and gas appears in this region. Therefore, in the text books the supercritical state of a 
fluid is still presented as a homogeneous phase above the critical point [3]. However, since 2010 it 
was demonstrated both theoretically and experimentally [4–6], and now it is accepted that the 
supercritical state of a fluid can be divided into a gas-like (GL) region and a liquid-like (LL) regime 
by the transitional line, known as Widom line [7–9], anticipating the phase separation and the 
coexistence that is found below the critical point [10]. 

The motivation for our work is mainly related to the technological applications of scH2O. For 
instance, water and waste water treatments can be done by oxidation in scH2O [11,12], and gas fuel, 
such H2 or CH4, can be obtained from wet biomass by gasification [13,14]. The main advantage of 
scH2O technologies is the efficiency, which resides in the fact that complete conversion or total 
removal of organic pollutant is achieved very fast, sometimes after only few minutes [15]. Moreover, 
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using scH2O, technically difficult feedstocks can be treated in effective way, with high selectivity for 
valuable compounds, while the reactions products are harmless [16]. However, the disadvantages of 
scH2O technologies are the high operation costs resulting from high temperature and pressure 
working conditions and the associated issues related with salts deposition. A solution to these 
problems can be the use of functional materials [17], such as catalysts, that could decrease the process 
temperature and lead to energy savings. The sorbent materials can adsorb heteroatoms, such as sulfur 
or chlorine, which helps overcoming issues related to salts precipitation and catalysts poisoning. 
Metal oxides are good candidates as catalysts or sorbents in scH2O [17–19]. Their functional 
properties, such as their activity, selectivity and stability under supercritical conditions, might be 
greatly affected by the synthesis method. Among various preparation methods, the hydrothermal 
synthesis in scH2O has the following advantages: high reactions rate, one-step production of well-
defined MexOy with controlled size and shape, and reduced alkaline concentration for the crystal 
growth [20,21]. In addition, running the hydrothermal synthesis in a flow reaction system is more 
advantageous over using batch reactors due to the possibility to include engineered mixers for the 
scH2O and the metal salt precursors [22]. Moreover, in flow reaction systems the density of water can 
be varied by controlling the temperature and pressure during the reaction. 

Considering that it is very important to maintain the performance of the metal oxides as catalysts 
or sorbents under scH2O conditions, it is efficient and cost-effective to use supported MexOy 
nanoparticles, with the advantages of enhanced mechanical and thermal stability, and facile 
regeneration and reuse. The usual procedure for preparation of composite materials is impregnation 
followed by drying to obtain the final composite. The loading (amount of metal oxide which 
determines its efficiency) on the support and the dispersion (concentration profile) within the support 
pores depend significantly on the impregnation and drying conditions [23]. It is to note that by 
conventional impregnation methods, such as wet impregnation and pore volume impregnation [24], 
redistribution of active metal oxides can occur during drying, which in turn lowers the 
catalytic/sorption capacity. The supercritical water impregnation method in a batch reactor was 
developed in order to obtain highly dispersed metal oxides on porous support [25]. Moreover, the 
method simplifies the process of impregnation due to the fact that post-treatments, such as calcining 
and drying, are not needed [26] and therefore avoids the agglomeration and/or the redistribution of 
the active nanoparticles within the support. 

The present work is focused on development of a continuous flow supercritical water 
impregnation method for preparation of zinc oxide and copper oxide nanoparticles on carbon 
support, which are composite materials with specific functionalities for separation processes in 
scH2O. 

2. Materials and Methods 

Zn(NO3)2 . 6H2O and Cu(NO3)2 . 3H2O of analytical purity from Sigma Aldrich were used as 
precursors. Aqueous solutions of different concentrations, namely, 0.0041 M, 0.0082 M and 0.0164 M, 
were prepared in ultrapure, degassed water. Porous materials based on carbon were used as a 
support for the impregnation of the metal oxides. The carbonaceous porous material samples have a 
graphitic, monolithic structure and are constituted by activated carbon fibers with an average 
diameter in the micrometric scale (10-20 µm) [8]. The support has the following characteristics: 
specific surface area of approx. 1100 m2 g-1 and total pore volume of approx. 0.6 cm3 g-1 measured by 
N2 adsorption at 77 K, and water absorption capacity of 165%. 

Metal oxides were impregnated using the continuous flow tubular reactor of the NISA 
equipment (Neutron Imaging Supercritical-water Analysis) described in [8]. The main component of 
NISA is the continuous flow tubular reactor, equipped with an embedded preheater, and an 
aluminum block heater. The fluid is fed in the reactor in the upwards direction by high-pressure 
liquid chromatography pumps. In the setup, the pressure is built and controlled with the back 
pressure regulator. The operating parameters, such as temperature, pressure, water flow rate, and 
mass balance are controlled and monitored on-line, and the values are recorded every 10 seconds [8]. 
Three synthesis parameters were studied to understand their influence on the composite’s 
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formulation in terms of crystallinity, size and morphology, as well as the loading and concentration 
profile of the active element on the support. They were i) the impregnation temperature chosen to 
provide scH2O densities corresponding either to LL or to GL phases of water [9], ii) the flow rate 
determining both the residence time and the contact time between the metal precursor solution and 
the C support surface, and iii) the concentration of the metal nitrate aqueous solution used as 
precursor. 

Each experimental run started by loading the reactor with ~ 0.2 g of carbon support, followed 
by filling the system with water, preheating at 573 K, and application of a constant pressure of 250 
bar to reach supercritical conditions. When water inside the reactor reached the temperature of 
interest for impregnation, metal precursor solution was fed in at flow rates of 2.5 mL min-1, 5 mL min-

1 or 7.5 mL min-1, and the impregnation was performed at steady-state conditions for 1 h. The mass 
of the metal precursor solution was recorded for each experiment, and the amount of metal available 
for deposition on the carbon support was calculated this way. The impregnation temperature was 
either 648 K or 668 K. These temperatures were chosen to be 10 K lower and higher, respectively, than 
the transition temperature between the LL and GL phases of scH2O at the pressure of 250 bar [9]. The 
sample index contains the starting metal ion/the molar concentration of the aqueous nitrate solution 
(mol L-1) / the fluid flow rate (mL min-1) / the synthesis temperature (K). For example, the sample 
obtained from 0.0041 M zinc nitrate at 5 mL min-1 flow rate and 668 K was indexed as Zn2+/0.0041 M/5 
mL min-1/668 K. 

The structural analysis of the as obtained composite materials was conducted by X-ray 
diffraction (XRD) at room temperature. The XRD patterns were recorded using Rigaku’s Ultima IV 
diffractometer in parallel beam geometry, using Cu Kα radiation (λ = 1.5406 Å), operating at 40 kV 
and 30 mA. The signals were collected from 10º to 80º with a step size of 0.02º, and a scan speed of 2º 
min−1. Phase identification was performed using Rigaku’s PDXL software, connected to ICDD PDF-2 
database. 

The infrared spectroscopy (FTIR) was performed using a NICOLET IS10 spectrometer (Thermo 
Fisher, Eindhoven, Netherlands). The measurements were done at room temperature using the total 
attenuated reflection module with scans between 500 and 4000 cm−1. The peak locations and 
intensities were determined with the Omnic software (Nicolet Instrumentations Inc., Madison, WI, 
USA). 

The morphology was analyzed by scanning electron microscopy (SEM) with a FEI Quanta 3D 
FEG microscope operated at 5 kV acceleration voltages and at 10 mm working distance using the 
secondary electrons detector. The transmission electron microscopy (TEM) characterization of the 
composite materials was performed on a Hitachi HD-2700 Scanning Transmission Electron 
Microscope (STEM) at 200 kV accelerating voltage with a crystal lattice resolution of 0.144 nm under 
ideal conditions. Chemical composition analysis was performed with the same equipment using the 
EDS short-time elemental mapping module. For the TEM analysis the samples obtained by 
impregnation at scH2O conditions were crushed and dispersed in ethanol. A drop of the resulting 
suspension was then deposited on a Cu grid containing a holey carbon thin film. 

3. Results 

3.1. Effect of the impregnation temperature 

Figure 1 presents the XRD patterns of the samples obtained from Zn2+ and Cu2+ precursors, at 
two different impregnation temperatures, 648 K and 668 K, respectively. The XRD analysis revealed 
that ZnO with hexagonal structure is formed at both temperatures (Figure 1a). It is important to notice 
that the ZnO XRD peaks intensity were smaller as the reaction temperature increased. This is different 
when starting from Cu precursor, where formation of copper oxides was revealed by XRD only at 
impregnation temperatures above the Widom line (668 K). 
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(a) (b) 

Figure 1. XRD patterns of the samples obtained at two different impregnation temperatures and 
starting from (a) zinc and (b) copper precursors. 

Figure 2 shows FTIR spectra of ZnO/C and CuO/C type composite materials obtained at 668 K, 
and for comparison, the spectrum of the initial carbon support. The three spectra are similar at wave 
numbers up to 1200 cm-1. The spectral bands observed in the region 3600-3100 cm-1 are attributed to 
the O-H bonds in the water molecule. Also, OH groups were confirmed by discrete absorption bands 
around 1387-1405 cm-1 [27]. The bands in the 2600–1900 cm-1 region correspond to C=C stretching 
vibrations of numerous sp2 structures that enrich the carbon structure [28]. The presence of C=O 
bonds is indicated by the spectral bands in the 1500-1400 cm-1 range. The bands specific to metal-
oxygen bonds are observed in the fingerprint region between 1200 and 700 cm-1 [29]. Moreover, 
characteristic bands of the Cu-O bonds were observed in the region of 550-600 cm-1 [30,31]. 

 

Figure 2. FTIR spectra of ZnO/C and CuO/C composite materials; the spectrum of the carbon support 
is presented for comparison. 

We analyzed the effect of the impregnation temperature by SEM, and the results are presented 
in Figure 3. Note that, starting from either Zn2+ or Cu2+ precursors, MexOy particles with 1D rod-like 
morphology and diameter within the µm scale were formed at 648 K; this type of particles appears 
to be formed separate from the carbon fibers surface (Figures 3a-3d). SEM analysis of samples 
obtained at the impregnation temperature of 668 K (Figures 3e-3h), reveals carbon fibers covered by 
MexOy nanoparticles on the surface along with isolated regions containing the 1D MexOy particles. 
Based on this observation, impregnation/deposition of metal oxide structures on the carbon surface 
was further performed at this temperature. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 January 2024                   doi:10.20944/preprints202401.1339.v1

https://doi.org/10.20944/preprints202401.1339.v1


 5 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 3. SEM images of the samples obtained at different impregnation temperatures: (a), (b), (c) and 
(d) at 648 K; (e), (f), (g) and (h) at 668 K, starting from (a), (b), (e) and (f) Zn2+ and (c), (d), (g), and (h) 
Cu2+ precursors; right side SEM images are higher magnification of the images presented on the left 
side. 

Figure 4 shows results of TEM characterization and chemical composition analysis by EDS for 
the ZnO/C type material obtained at 668 K, with 5 mL min-1 flow rate, and 0.0041 M zinc 
concentration in the precursor solution. The TEM images (Figures 4a and 4b) reveal the formation of 
small crystalline particles of approx. 50 nm in size and the EDS maps presented in Figures 4c-4f 
confirm that these nanoparticles are ZnO on C support. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. TEM characterization of the sample Zn2+/0.0041 M/5 mL min-1/668 K: (a) and (b) STEM 
images; (c), (d), (e) and (f) the EDS maps confirming the formation of ZnO nanoparticles on C support. 

3.2. Effect of the fluid flow rate 

Figure 5 presents the XRD analysis of the samples obtained from Zn2+ (Figure 5a) and Cu2+ 
(Figure 5b) precursors with two different flow rates of the reactant mixture during the impregnation 
(2.5 mL min-1 and 5mL min-1, respectively). It is to notice that, increasing the flow rate allows the 
formation of more crystalline ZnO (Figure 5a) and the formation of CuO (Figure 5b). At low flow rate 
instead, Cu2O is predominately formed indicating the influence of the redox environment related to 
the higher rate of mixing. 

  
(a) (b) 

Figure 5. XRD patterns of the samples obtained at 668 K, different flow rates and starting from (a) Zn2+ 
and (b) Cu2+ precursors. 
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The effect of the flow rate on the impregnation procedure is more evident from SEM analysis of 
ZnO/C composite materials presented in Figure 6. There are 1D particles attached to the carbon fibers 
at both flow rates (Figures 6a, 6b, 6e and 6f), however, at low flow rate, the surface of the carbon fibers 
is covered by hexagonal shaped nanoparticles of different sizes (Figures 6c and 6d), while at higher 
flow rate there are carbon fibers homogenously covered with MexOy crystalline cuboid-shaped 
nanoparticles of about 60 nm in size (Figures 6g and 6h). 

(a) (b) (c) (d) 
    

(e) (f) (g) (h) 

Figure 6. SEM analysis of the ZnO/C samples obtained starting from [Zn2+] = 0.0041 M, by 
impregnation at 668 K and two different flow rates of the reactant mixture: (a), (b), (c), and (d) at 
2.5 mL min-1; (e), (f), (g), and (h) at 5 mL min-1. 

3.3. Effect of the metal ions concentration in the aqueous precursor solution 

The XRD patterns of ZnO/C composite materials obtained from different concentrations of 
precursor solution are presented in Figure 7a. Note that hexagonal ZnO structures were formed at all 
initial Zn2+ concentrations, whereas high crystallinity ZnO was obtained only by increasing the 
starting amount of zinc ions (inset in Figure 7a). The XRD results of the samples obtained from Cu2+ 
precursor, with different initial concentrations are presented in Figure 7b. The important observation 
from the analysis of XRD patterns of these samples is that decreasing the Cu2+ concentration might 
promote the formation of CuO. However, the inset in Figure 7b shows that the corresponding 
diffraction peaks of Cu2O structure are shifted towards lower 2θ angles compared to the reference. 
Moreover, unidentified diffraction peaks appear in the XRD patterns of these samples. Surprisingly, 
no copper oxides formation at high concentration was revealed by XRD. 
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(a) (b) 

Figure 7. XRD patterns of the samples obtained from (a) Zn2+ and (b) Cu2+ and different metal ion 
concentrations in the precursor solutions. 

By SEM, the effect of the initial cation concentration on the impregnation of MexOy is more 
evident for the ZnO/C type samples, as presented in Figure 8. First to note is that zinc oxide 
nanoparticles were deposited on the carbon fibers’ surface at all starting concentration of Zn2+ in the 
precursor solution (Figures 8a, 8d and 8f). Secondly, at low concentration, we noticed that ZnO cover 
more homogeneously the carbon fibers, while increasing the Zn concentration leads to the increasing 
in the particles’ dimensions from around 60 nm (Figure 8b) to 80 nm (Figure 8e), and finally to over 
200 nm (Figure 8g). Finally, it is to note the flower-like morphology of the ZnO nanoparticles (Figures 
8c and 8h). 

The SEM analysis of the sample obtained at 668 K with the low Cu2+ concentration and low flow 
rate of the precursor solution, showed formation of large 1D particles together with nanoparticles 
uniformly covering large areas of the carbon surface. Figure 9 presents this result and shows 
morphological details at different magnifications, of copper oxides nanoparticles formed under the 
above-mentioned conditions. 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

Figure 8. SEM images of samples obtained at different concentrations of Zn2+ in the precursor solution: 
(a), (b), and (c) for Zn2+/0.0041 M/5 mL min-1/668 K; (d), and (e) for Zn2+/0.0082 M/5 mL min-1/668 K; 
(f), (g), and (h) for Zn2+/0.0164 M/5 mL min-1/668 K. 

(a) (b) (c) 

Figure 9. SEM analysis of sample Cu2+/0.0041 M/2.5 mL min-1/668 K showing microstructural and 
morphological details of the surface of the CuO/C composite material, at different magnifications. 

4. Discussion 

The above presented results show that zinc oxide and copper oxides are formed under scH2O 
conditions, and that the 668 K impregnation temperature is optimum for the deposition of MexOy 
nanoparticles on the carbon fibers support (Figures 1, 2, 3, 4). This temperature and low flow rates of 
the metal precursor solution favor the formation of CuO (Figure 5), while high flow rate of Zn2+ 
solution allows homogenous deposition of ZnO nanoparticles on carbon fibers’ surface (Figure 6). 
The metal ion concentration in the starting solution does not have significant influence on the 
formation of MexOy structures (Figure 7). However, increasing the Zn2+ concentration resulted in the 
increasing size of the flower-like ZnO nanoparticles impregnated on the carbon fibers (Figure 8). 
Instead, copper oxides nanoparticles are more homogenously impregnated on the support fibers at 
low concentration of Cu2+ in the precursor solution (Figure 9). 

The related hydrothermal reactions leading to the formation of metal oxides from nitrates 
correspond to hydrolysis of metal ions and dehydration of the corresponding hydroxides, according 
to the reactions below: 
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Hydrolysis: Me(NO3)x + xH2O → Me(OH)x + xHNO3 (1) 

Dehydration: Me(OH)x → MeOx/2 + x/2 H2O (2) 

In this homogeneous phase mechanism, water acts as both reactant and solvent and its 
properties variation, like density and dielectric constant, affects significantly the rate of these 
reactions [21]. 

Based on neutron imaging measurements, Maxim et al. obtained the water phase diagram in the 
supercritical region and confirmed the position of the Widom line that separates the LL and GL 
regimes of the scH2O [9]. At 250 bar the water temperature of 648 K corresponds to the LL densities 
with values around 500 kg m-3, while at 668 K water is in the GL state, with density around 150 kg m-

3. Moreover, the dielectric constant of water drops from values around 10 to below 5 when increasing 
the temperature across the Widom line [32]. Water properties variation explains the effect of synthesis 
temperature on the formation of MexOy during impregnation on C fibers. It is known that, on 
increasing the temperature under supercritical conditions, the hydrolysis rate of metal salts precursor 
substantially increases with the decreasing of water dielectric constant, while the dehydration 
equilibrium shifts towards oxides [21]. This is also in agreement with the study by Ludwig and 
Casey [33] who concluded, that hydrolyzed cations are more reactive than non-hydrolyzed cations. 
Hydrolyzed species may, therefore, favor the formation of MexOy structures and play a role as 
relevant precursors under the scH2O conditions as presented in this study. However, further studies 
are needed to elucidate the details of the MexOy formation mechanism at scH2O conditions. 

Interestingly, carbon fibers impregnation with MexOy nanoparticles was observed only at 
synthesis temperatures corresponding to the GL phase of scH2O. In the GL phase the dielectric 
constant of scH2O is two times lower than in the LL state. Consequently, the metal salts hydrolysis 
reaction rate increases substantially and formation of nitric acid is faster under GL conditions than in 
the LL regime. Surface carbon oxidation by NO3- ions may possibly initiate a second, heterogeneous 
mechanism for copper oxide deposition. Oxidation introduces oxygen-containing surface groups, 
(carboxyls, phenols) which increase the hydrophilic character of carbon surface and likely enhance 
cations adsorption of hydrated cations [34]. Both carboxylic and phenolic groups act as ligands for 
Cu2+ and Zn2+ ions, and may displace water from the aqueous ion. [35] The higher difficulty of 
obtaining copper oxides compared with zinc oxide reported above may originate in the higher 
stability of copper complexes with oxygenated functional groups on carbon surface. Indeed, Cu2+ (d9) 
complexes on carbon surface should be more stable than Zn2+ (d10) analogues [36,37] for reasons that 
depend on ion size differences and a possible Jahn-Teller symmetry deformation only for Cu2+.  

The in-situ neutron imaging measurements reported by Maxim et al. [8] help to understand that 
the carbon monolith used as support for impregnation is acting as a static mixer [38] which allows 
visualization of different hydrodynamic regimes inside the monolith in the neutron radiographies of 
the scH2O reactor [8]. Therefore, it is expected that the reactant mixture flow rate influences the 
mixing rate within the monolith support and the residence time of metal precursors on the fibers’ 
surface. It is known that, in order to obtain well-defined MexOy nanoparticles in terms of size, 
morphology and structure, the mixing rate of scH2O with the metal precursor solution should be high 
compared to the formation reaction rate [39,40]. Zinc and copper oxides are formed under the studied 
scH2O conditions independently on the flow rate, however the SEM analysis confirmed that there is 
a nucleation and growth mechanism difference when changing the flow rate. Moreover, the 
concentration of the metal ions in the precursor solution might influence the growth direction and 
the aspect ratio of the MexOy nanoparticles, results that are in agreement with previous reports, 
especially for the ZnO synthesis in scH2O [41,42]. 

5. Conclusions 

Under isobaric supercritical conditions, increasing the synthesis temperature to values at which 
scH2O is in the GL phase favors impregnation of metal oxides on activated carbon fibers monolithic 
supports. Uniform impregnation of support fibers with ZnO crystalline nanoparticles of hexagonal 
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symmetry, cubic morphology and ~60 nm in size was obtained at 250 bar and a reaction temperature 
of 668 K. Under the same temperature and pressure conditions, impregnation of CuO on the same 
type of support is favored when starting from low concentrations of Cu2+ in the aqueous precursor 
solution and at low flow rates of the precursor solution through the reactor. Those conditions 
determine the contact time between the metal precursor and the surface of the carbon support. 
Crystalline nanoparticles of cupric oxide, of monoclinic symmetry and cubic morphology, with 
dimensions of 50 nm, uniformly cover the carbon fibers.  

The results show that hydrothermal impregnation in scH2O is a promising method for the 
preparation, in continuous flow, of MexOy/C composite materials. The method described here has the 
advantages that it can be performed in a single synthesis step, without a seed layer and without a 
mineralizer, and at substantially lower preparation times than conventional impregnation methods. 
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